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Abstract

Background and Objectives—Few studies have been published that evaluate the usefulness of
different caries-diagnostic modalities in general dental practice. The goal of this study was to
compare the results of screening for coronal dental caries in a general dental practice using clinical
observations, radiographs, laser fluorescence (DIAGNOdent™) (LF), and optical coherence
tomography (OCT). Diagnostic agreement between OCT and LF versus standard clinical
techniques for detecting caries was determined in 40 subjects.

Study Designs/Materials and Methods—Forty patients with >1 coronal carious lesion as
determined by prescreening using clinical examination and radiographs were enrolled in this
study. Subjects with gross caries were excluded. Subsequently each patient underwent a full
detailed dental examination by an experienced clinician, using visual examination and radiographs
according to standard clinical practice. The coronal surfaces of a total of 932 teeth were examined
and charted. Teeth were then photographed, rediagnosed using the LF system, and imaged using
OCT. Two blinded pre-standardized examiners reviewed radiographic and OCT images and
assigned caries status.

Results—Based on manufacturer’s cutoff values, sensitivity and specificity for coronal caries
using LF technique (i) on unaltered tooth surfaces were 73.7% and 94.1%, respectively and (ii) in
previously restored or sealed teeth, they were 19.2% and 95.8%, respectively. LF technique was
unable to assess tissue health underneath sealants and restorations. Clinician agreement (kappa
[k]) regarding caries diagnosis using OCT imaging was overall 0.834 (SE = 0.034). Sensitivity and
specificity for caries using OCT technique (i) on unaltered tooth surfaces approximated 74.1% and
95.7%, respectively and, (ii) in previously restored or sealed teeth, they approximated 76.0% and
95.6%, respectively. Although OCT was able to detect lesions beneath many resin restorations and
sealants, results varied considerably between materials. OCT imaging was unable to detect caries
when caries was >2 mm below the tooth surface.

Conclusion—These findings support the usefulness of LF for primary caries detection, and the
clinical utility of OCT for early caries detection and monitoring under dental resin restorations and
sealants.
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INTRODUCTION

In the United States, 90% of adults and 50% of children have dental caries [1,2], a condition
which can lead to many complaints including toothache, dental abscesses, loss of function,
poor diet, and tooth loss. Conventional means of caries detection include visual examination,
tactile exploration using a dental explorer, and radiographs. Current methodology for
detecting dental caries is inaccurate [3]. Visual examination is the predominant tool used by
dentists. Its ability to detect the more advanced forms of caries that are associated with
discoloration and cavitation is good. However, early demineralization, remineralization, and
subsurface lesions are often not visible [4-6]. Another factor limiting the accuracy of visual
examination is the fact that caries underneath or directly adjacent to restorations is often
obscured from view, and thus remains undetected by visual inspection.

Despite its extensive use in the past, probing for surface softening is no longer advised in
many clinical situations because it may exacerbate caries by damaging the integrity of
enamel structure [4-6]. Although radiographs typically detect caries once it has advanced
through the outer 1/3 of the enamel, they show poor sensitivity and specificity for detecting
early demineralization and early caries [4,5]. Moreover, concerns about the effects of
ionizing radiation lend support to the quest for alternatives to radiological examinations.

Preventive and early treatment options that permit widespread implementation of prevention
interventions such as enamel remineralization and sealant placement in high-risk
populations have advanced considerably in recent years; however, they are only useful if
early lesions can be detected. Moreover, the widespread usage of resin-based restorative
materials establishes a need for improved caries detection at restoration margins, as well as
underneath a restoration. Thus, a variety of novel diagnostic approaches are under
investigation. One of these is the use of laser-induced fluorescence (LF). In the most
commonly used system, (DIAGNOdent™, KaVo, Biberach, Germany), the fluorescence of
porphyrins associated with cariogenic bacteria resulting from exposure to red light (655 nm
wavelength) is collected and quantified by the device sensor. The probe provides a numerical
read-out, as well as an audible signal when caries is detected [7,8]. This device detects caries
and has reportedly been used to quantify demineralization of tooth structure, including areas
covered by unfilled clear dental sealants [9,10]. However, LF scores have demonstrated a
weak relationship with histology [11], reportedly generating a high rate of false positives
[12].

Another emergent technology is optical coherence tomography (OCT), a non-invasive, high
resolution optical imaging modality that uses near-infrared light to provide high-resolution
sub-surface tissue images. Conceptually, it is in many ways comparable to ultrasound
scanning, except that light is used instead of sound. Broadband light waves are emitted from
a source and directed toward a beam splitter, from where one wave is sent toward a reference
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mirror with known path length and the other toward the tissue sample. After the two beams
reflect off the reference mirror and tissue, the reflected light is directed back towards the
beam splitter, where the waves are recombined and read with a photo detector. The image is
produced by analyzing interference of the recombined light waves. Cross-sectional images
of tissues are constructed in real time, at near histological resolution (approximately 10 pm
with current technology). With the latest technologies, 3D volume scans that can be
manipulated tomographically to produce 2D pullout images in specific sites of interest have
become possible [13,14]. Ex vivo studies have demonstrated that OCT can be used to detect
early demineralization and incipient decay in unfilled teeth, as well as under sealants and
resin restorations [15-22]. To date only a few reports have been published on the use of
OCT for in vivo demineralization and caries detection [17-19,23].

The goal of this study was to compare the results of screening for coronal dental caries in 40
subjects in a general dental practice using clinical observations, radiographs, LF, and OCT.
The specific objective of this study was to compare the accuracy for detecting coronal dental
caries of LF- and OCT-based diagnosis versus the current gold standard: visual exam plus
radiographs if indicated by current standards of practice.

MATERIALS AND METHODS

Human Subjects, Clinical, and Imaging Procedure

This study was performed in full compliance with University of California at Irvine IRB
approval #2002-2805. Forty patients (age 19-52 years, mean age of 34 years; 24 female, 16
male) with >1 coronal carious lesion as determined by a quick prescreening by one examiner
using clinical examination were consented and enrolled in this study. Subjects with open
cavities extending into dentin were excluded. Subsequently each patient underwent a full
detailed dental examination by one experienced clinician using loupes (2.5magnification),
and radiographs according to standard clinical practice. Only coronal surfaces were included
in this study. Teeth were considered carious if there were white or brown spot lesions on the
tooth not consistent with the clinical appearance of sound enamel. A total of 932 teeth were
examined and charted. Teeth were then photographed, diagnosed using LF, and imaged
using OCT. These diagnostic tools were used by the same clinician in all coronal areas of the
teeth considered to be at high risk of caries: occlusal and approximal, white or brown spot
lesions, non-cavitated and cavitated potential lesions, fissures, and adjacent to restorations.
In addition, areas with sealants and tooth-colored restorations were assessed in order to
investigate the ability of each modality to detect caries at the margins of and underneath
these materials.

Fluorescence and Optical Coherence Tomography Diagnostic Modalities

Laser fluorescence-based diagnosis—The DIAGNOdent™ system used in this study
provides a numerical read-out as well as an audible signal when caries is detected. The LF
unit was calibrated according to the manufacturer’s instructions prior to each use. A “Zero
Baseline Reading” was determined for each tooth. Each tooth was scanned with the probe by
slowly rocking the wand in a pendulous motion capturing the highest reading or “the peak”.
Measurements were repeated until three readings were within (+/-) 3 units of each other,
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and then recorded for that surface. Diagnostic limits were set at the levels prescribed by the
manufacturer.

Optical coherence tomography—The prototype SS-OCT system used in this study
utilizes a broadband light source with an output power of 4mW at the center wavelength of
A =1,310 nm and bandwidth of AA =58 nm. The axial resolution was measured to be 14
pmin air which is in good agreement with the theoretical value of 13 pm. A small angular
excursion of in the galvo-mirror was set for getting a suitable group delay scan range of
approximately 2.5 mm. The corresponding carrier frequency of the interferogram was
measured to be 166 kHz. A dual-balanced detector (model 1817, New Focus, Newport, CA)
was employed to reduce the excess noise arising from the light source.

Diagnostic Scoring

Two blinded, pre-standardized examiners reviewed radiographic and OCT images
independently and assigned caries status as either healthy or carious. Diagnostic scorers
were pre-standardized to 95% accuracy after one 90-minute training session. OCT and
radiographic images were scored separately as healthy/not healthy. Kappa agreement
between examiners for standard-of-care diagnosis (clinical exam plus radiographs when
requested) equaled 93%. During diagnostic OCT scoring, reviewers first looked at the 3D
images, selected regions of interest, and then made final diagnoses based on the 2D pullout
images. When scoring, the images were viewed on the computer screen at an approximate
size of 10 x 8 cm, based on the scorers’ preferences. False scattering of up to 8 mm at an
image size of 10 x 8 cm was considered acceptable. The diagnosis provided by the
fluorescence device was also bicategorical: either healthy or not healthy.

Statistical Analysis

RESULTS

Statistical analysis was performed to identify diagnostic agreement (kappa values) between
the two scorers for the OCT images. Data were analyzed using combined results from both
scorers, with “healthy” being scored if both observers scored healthy, and “not-healthy”
scored if one or both observers scored “not-healthy”. Sensitivities, specificities, and positive
and negative predictive values were computed for the experimental diagnostic modalities.
Clinical exam plus radiographs (where indicated by standard of care) were used as the
diagnostic gold standard.

Using these imaging, modalities added approximately 1 minute in time for each lesion
examined. Both devices were easy to use, with the LF device providing instant read-ours,
and the OCT images read by two pre-trained, blinded, pre-standardized examiners. Each
OCT image evaluation took approximately 15 seconds. Clinician agreement (k) regarding
tooth diagnosis with OCT was overall 0.834 (SE = 0.034).

An overview of the results is presented in Table 1. In 426 previously untreated teeth, a total
of 51 carious and 375 healthy teeth were diagnosed using the conventional gold standard:
clinical exam with a loupe and radiographs. In the 506 teeth with previous restorations or
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sealants, a total of 73 carious and 433 healthy teeth were recorded using the conventional
gold standard: clinical exam with a loupe and radiographs.

On untreated tooth surfaces, LF techniques had an excellent NPV (95.7), but a less
satisfactory PPV (66.7). Sensitivity and specificity were 73.7% and 94.1%, respectively. In
previously restored or sealed teeth, LF techniques achieved an acceptable NPV (87.6), but
PPV was low (43.8), as LF was only able to detect caries at the margins of existing
restorations and not underneath sealants and restorations. Sensitivity and specificity were
19.2% and 95.8%, respectively. Using OCT imaging, the NPV for caries on unaltered tooth
surfaces was excellent (95.5), but PPV was considerably lower (74.1). Sensitivity and
specificity were 74.1% and 95.7%, respectively. In previously restored or sealed teeth, OCT
imaging achieved an excellent NPV (95.6) but again PPV was less satisfactory (76.0).
Sensitivity and specificity were 74.0% and 96.0%, respectively. Although OCT imaging was
able to detect lesions beneath many resin restorations and sealants, results varied
considerably between materials. Caries was not detected from OCT images when caries was
>2 mm below the tooth surface.

DISCUSSION

The purpose of this study was to investigate multiple approaches to caries detection in
general dental practice. In this setting, accuracy, as well as ease and speed of use are
important factors, as is cost. With the emergence of new prevention interventions for early
caries, and evolving treatment options for more advanced caries, evaluations of various
caries-diagnostic technologies can provide important guidance to clinicians as they select
cost-effective state-of-the art tools for their clinical practice.

Visual examination alone provides limited diagnostic accuracy, especially in regions that are
difficult to view, such as interproximal areas [3—-6]. Monitoring de- and remineralization
with the naked eye is challenging at best [4-6]. Clinical examinations that use probing can
damage the tooth surface, potentially exacerbating early lesions. This technique is also not
very sensitive to de- and remineralization processes [4-6]. Radiographs have been used for
many years as an important diagnostic aide in general dental practice, providing a
considerable amount of valuable diagnostic information. Again, very early caries is often not
visible, and structural overlap in the 2D images can reduce diagnostic accuracy [4,5].
Radiation exposure is another disadvantage.

LF techniques are attractive to clinicians because the device is easy to use, small, compact,
and relatively inexpensive. The most notable inconvenience in using the device is the need
for repeated recalibration. In this study, radiographs—and to some extent OCT—detected
subsurface lesions not recognized by LF. Caries detection under sealants or restorations was
not possible using LF, and diagnostic performance at the borders of existing restorations was
also poor. Conversely, LF imaging registered more lesions than any other modality. This
means that either LF was diagnosing lesions in areas where none actually existed, or that the
other modalities were unsuccessful in detecting existing pathologies.
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OCT devices are far more costly than an LF device, relatively large, heavy, and
cumbersome. Clinicians typically require several hours before they are able to use the device
routinely and confidently. Existing commercial devices do not contain a caries-diagnostic
algorithm, requiring a visual “read” of each image. However, many OCT devices have the
ability to image three-dimensionally, so that lesions can be mapped accurately in 3D and
examined from all aspects. Moreover, as previous studies have demonstrated that OCT
techniques can be used to accurately detect caries, de- and remineralization by means of
differing optical intensities in the image [15-20], it should be possible to develop diagnostic
algorithms in the future. In addition, this study confirmed the results of previous
investigations demonstrating the ability of OCT imaging to detect caries underneath sealants
and resin restorations to a depth of approximately 2 mm [18,21-23].

CONCLUSION

In summary, LF and OCT techniques can provide useful diagnostic information in a clinical
dental setting, with OCT potentially providing a good alternative to radiographs. LF
techniques performed best on surface lesions, but were only able to detect caries at the
margins of existing restorations and not underneath sealants and restorations. Using OCT
imaging, surface lesions, as well as lesions in previously restored or sealed teeth, were
identified. Although OCT imaging was able to detect lesions beneath many resin
restorations and sealants, results varied considerably between materials. Caries was not
detected from OCT images when caries was >2 mm below the tooth surface. Additional
studies are necessary to further define the performance of OCT in the clinical setting, and
simple diagnostic algorithms are required to simplify image interpretation.

Acknowledgments

Contract grant sponsor: NIH; Contract grant numbers: P41EB015890 (LAMMP), RO3EB014852; Contract grant
sponsor: ASLMS student research grant; Contract grant sponsor: The Arnold and Mable Beckman Foundation.

REFERENCES

1. http://www.nidcr.nih.gov/DataStatistics/FindDataByTopic/DentalCaries/

2. Beltran-Aguilar ED, Barker LK, Canto MT, Dye BA, Gooch BF, Griffin SO, Hyman J, Jaramillo F,
Kingman A, Nowjack-Raymer R, Selwitz RH, Wu T. Surveillance for dental caries, dental sealants,
tooth retention, edentulism, and enamel fluorosis—United States, 1988-1994 and 1999-2002.
MMWR Surveill Summ. 2005; 54(3):1-43.

3. Fontana M, Zero DT, Beltran-Aguilar ED, Gray SK. Techniques for assessing tooth surfaces in
school-based sealant programs. J Am Dent Assoc. 2010; 141(7):854-860. [PubMed: 20592405]

4. Chong MJ, Seow WK, Purdie DM, Cheng E, Wan V. Visual-tactile examination compared with
conventional radiography, digital radiography, and diagnodent in the diagnosis of occlusal occult
caries in extracted premolars. Pediatr Dent. 2003; 25(4):341-349. [PubMed: 13678099]

5. Altarakemah Y, Al-Sane M, Lim S, Kingman A, Ismail Al. A new approach to reliability assessment
of dental caries examinations. Community Dent Oral Epidemiol. 2013; 41(4):309-316. [PubMed:
23278284]

6. Twetman S, Fontana M. Patient caries risk assessment. Monogr Oral Sci. 2009; 21:91-101.
[PubMed: 19494677]

7. Kiuhnisch J, Berger S, Goddon I, Senkel H, Pitts N, Heinrich-Weltzien R. Occlusal caries detection
in permanent molars according to WHO basic methods, ICDAS |1 and laser fluorescence
measurements. Community Dent Oral Epidemiol. 2008; 36:475-484. [PubMed: 18422704]

Lasers Surg Med. Author manuscript; available in PMC 2017 December 01.


http://www.nidcr.nih.gov/DataStatistics/FindDataByTopic/DentalCaries/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mansour et al.

Page 7

8. Zandona AF, Zero DT. Diagnostic tools for early caries detection. J Am Dent Assoc. 2006; 137(12):

1675-1684. [PubMed: 17138712]

9. Diniz MB, Leme AF, Cardoso Kde S, Rodrigues Jde A, Corderio Rde C. The efficacy of laser

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

fluorescence to detect in vitro demineralization and remineralization of smooth enamel surfaces.
Photomed Laser Surg. 2009; 27:57-61. [PubMed: 19182974]

10.

Lussi A, Imwinkelried S, Pitts N, Longbottom C, Reich E. Performance and reproducibility of a
laser fluorescence system for detection of occlusal caries in vitro. Caries Res. 1999; 33(4):261—
266. [PubMed: 10343088]

Jablonski-Momeni A, Ricketts DN, Rolfsen S, Stoll R, Heinzel-Gutenbrunner M, Stachniss V,
Pieper K. Performance of laser fluorescence at tooth surface and histological section. Lasers Med
Sci. 2011; 26(2):171-178. [PubMed: 20221781]

Achilleos EE, Rahiotis C, Kakaboura A, Vougiouklakis G. Evaluation of a new fluorescence-based
device in the detection of incipient occlusal caries lesions. Lasers Med Sci. 2013; 28(1):193-201.
[PubMed: 22576667]

Jung WG, Zhang J, Wang L, Wilder-Smith P, Chen Z, McCormick DT, Tien NC. Three-
dimensional optical coherence tomography employing a 2-axis MEMS. J Biophotonics STQE.
2006; 11:806.

Yeowa J, Yang V, Chahwana A, Gordonb M, Qib B, Vitkin I, Wilson B, Goldenberg A.
Micromachined 2-D scanner for 3-D optical coherence tomography. Sensor Actuat A-Phys. 2005;
117(2):331-340.

Nakajima Y, Shimada Y, Miyashin M, Takagi Y, Tagami J, Sumi Y. Noninvasive cross-sectional
imaging of incomplete crown fractures (cracks) using swept-source optical coherence tomography.
Int Endod J. 2012; 45(10):933-941. [PubMed: 22519809]

Sowa MG, Popescu DP, Friesen JR, Hewko MD, Choo-Smith LP. A comparison of methods using
optical coherence tomography to detect demineralized regions in teeth. J Biophotonics. 2011; 11—
12:814-823.

Wilder-Smith CH, Wilder-Smith P, Kawakami-Wong H, Voronets J, Osann K, Lussi A.
Quantification of dental erosions in patients with GERD using optical coherence tomography
before and after double-blind, randomized treatment with esomeprazole or placebo. Am J
Gastroenterol. 2009; 104(11):2788-2795. [PubMed: 19654570]

Lenton P, Rudney J, Chen R, Fok A, Aparicio C, Jones RS. Imaging in vivo secondary caries and
ex vivo dental biofilms using cross-polarization optical coherence tomography. Dent Mater. 2012;
28(7):792-800. [PubMed: 22578989]

Fried D, Staninec M, Darling CL, Lee C, Chan KH. In vivo near-IR imaging of occlusal lesions at
1310-nm. Proc Soc Photo Opt Instrum Eng. 2011; 7884(78840B)

Amaechi BT, Higham SM, Podoleanu AG, Rogers JA, Jackson DA. Use of optical coherence
tomography for assessment of dental caries: Quantitative procedure. J Oral Rehabil. 2001; 28(12):
1092-1093. [PubMed: 11874506]

Ishibashi K, Ozawa N, Tagami J, Sumi Y. Swept-source optical coherence tomography as a new
tool to evaluate defects of resin-based composite restorations. J Dent. 2011; 39(8):543-548.
[PubMed: 21651956]

Holtzman JS, Osann K, Pharar J, Lee K, Ahn YC, Tucker T, Sabet S, Chen Z, Gukasyan R, Wilder-
Smith P. Ability of optical coherence tomography to detect caries beneath commonly used dental
sealants. Lasers Surg Med. 2010; 42(8):752—759.

Holtzman JS, Kohanchi D, Biren-Fetz J, Fontana M, Ramchandani M, Osann K, Hallajian L,
Mansour S, Nabelsi T, Chung NE, Wilder-Smith P. Detection and prevalence of very early dental
caries in independent living older adults. Lasers Surg Med. 2015; 47(9):683-688. [PubMed:
26414887]

Lasers Surg Med. Author manuscript; available in PMC 2017 December 01.



Page 8

Mansour et al.

"30UBISgNS L1003 BuIA|1apun 40 sniels ay) 10U ‘sjue[eas pue SUOIRI0lSal JO sulbiew ay) Jo snyels sy} ssasse 03 3|qe AJUo Sem 47
*

(LT=u) (z=v) (sT=u (sT=u) (8T=U) (r=u) FT=U) (T2 =u) sannisod
7'e 0C L'e g€ 9 8¢ LT 67 as|ed
(6T =U) (z=v) (LT=u) (9t =u) (665 =U) (eT=u) (v =u) (gT=u)  sennefau
8¢ 0 Ty 8'€ L'TT XA ran g€ asfed
ovL Lyl €L TVL [A e 6'TT L'EL Aunnisuss
0'96 €96 1'G6 1’56 8'G6 2'96 €76 T'76 Auoyroads
9'G6 796 7’76 G566 978 9'68 Th9 156 AdN
0'9L T8 6L TVL g€y 867 L'6C L'99 Add
(%) (%) (%) (%) (%) (%) (%) (%)
(yporpoess  (jepes  (SUONEIOKD. (ywe1 (ype1pafess  sluefEas  (SUoIleJ0ISA (ywey
10 PRIOII ynm UNM Yeo])  polesJun) 10 PUOISI ) yum yam petes jun)
Ksnoina id) y3091) 120 100 Asnoweid)  ywey) umel) 41 47
100 120 A1 A1

pJepuels pjoo aya se sydeibolpey pue adnoT e Ylan wex3 [ealul]d Buisn seauewio)lad ansoubelq Jo uosuedwo)d

T31avl

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Lasers Surg Med. Author manuscript; available in PMC 2017 December 01.



	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Human Subjects, Clinical, and Imaging Procedure
	Fluorescence and Optical Coherence Tomography Diagnostic Modalities
	Laser fluorescence-based diagnosis
	Optical coherence tomography

	Diagnostic Scoring
	Statistical Analysis

	RESULTS
	DISCUSSION
	CONCLUSION
	References
	TABLE 1

